Introduction {#sec1-1}
============

Hepatitis C virus (HCV) infection has emerged as one of the major health challenges with an estimated 200 million HCV-infected people covering about 3.3 per cent of the world population and is responsible for around 350,000 deaths per year[@ref1][@ref2]. HCV infection is a blood borne infection, which mainly causes liver fibrosis which advances into liver cirrhosis and liver cancer[@ref3]. Low-resource regions such as India, East Asia, North Africa and the Middle East contribute to 80 per cent of the global burden of HCV infection[@ref4]. Around nine per cent population of world\'s HCV-infected individuals is living in India and accounts for major share of HCV infected people (\~12-18 million), the overall prevalence of HCV is considered low to moderate (1-1.5%) due to higher population size[@ref5][@ref6]. HCV is mainly transmitted through transfusion of infected blood and blood products. After transmission, the virus may remain in latent phase due to suppression by host immune system. However, during its infectious phase, the replication of HCV is very robust, and around 10 trillion virion particles can be produced per day[@ref7]. HCV is an RNA virus and its genetic diversity is constantly evolving due to rapid globalization, which ultimately results in varying therapeutic response in different geographical regions. On the basis of genomic variability, HCV is classified into seven major genotypes and 67 subtypes[@ref8]. In India, HCV is responsible for acute viral hepatitis in up to 21 per cent[@ref9][@ref10] and chronic liver disease in 14-26 per cent cases of HCV infections[@ref10][@ref11]. Epidemiological studies have shown that the persistence of HCV infection is a major risk for development of hepatocellular carcinoma (HCC)[@ref12]. HCC is the fifth most common cancer and a major cause of death in patients with chronic HCV infection and responsible for approximately one million deaths each year[@ref13][@ref14]. Earlier, the available antiviral therapies were effective in the treatment of HCV infection only at early stages and its identification and treatment at chronic stage were generally meaningless. But now, with the advancement in medical research, newer anti-HCV drugs have been developed which are also useful in the advanced cirrhosis caused by HCV[@ref15][@ref16].

HCV can be detected by serological tests employing anti-HCV antibodies and molecular tests using molecular probes complementary to HCV RNA sequence[@ref17]. As per Drugs and Cosmetics Act, 1940 and 1945 and rules thereunder, the screening of blood units with third-generation serological assays is mandatory in India[@ref18]. Fourth-generation serological assays with higher sensitivities are available which claim to reduce the window period. The molecular assays not only help in the early diagnosis but also confirm the infection stage. The diagnosis and quantification of HCV with highly sensitive and specific method play a crucial role in the management of HCV infection. It has been reported that different genotypes of HCV respond differently to anti-HCV therapy[@ref19]. These genotypes differ from each other at their genomic levels. HCV is prone to transcriptional variations during the process of replication of its genome. In addition, the genome of HCV is constantly evolving due to globalization. This review summarizes information on HCV molecular diagnostic methods and their applications used in various parts of the world.

HCV genome organization and function {#sec1-2}
====================================

HCV is a member of family Flaviviridae and has about 9.6 kb positive-sense single-stranded RNA genome. The HCV genome contains single open reading frame (ORF) flanked by highly structured untranslated regions (UTRs) which are essential for RNA replication ([Fig. 1](#F1){ref-type="fig"})[@ref20]. This single ORF codes for three structural and six non-structural proteins. The structural proteins are core protein (C) and two envelope proteins E1 and E2. Non-structural proteins are named as NS2, NS3, NS4A, NS4B, NS5A and NS5B. Two proteins p7 and *F* are also encoded due to frame shifting in the coding region. Core protein of HCV is an RNA binding basic protein, which forms viral capsid. It is released as a 191 amino acid (aa) precursor of around 23-kDa molecular weight containing three conserved domains (122 aa *N* terminal hydrophilic domain, 50 aa hydrophobic C terminal domain and 20 aa signal peptide domain)[@ref21]. Besides viral capsid formation, it also interacts with various cellular proteins and pathways that play an important role in HCV life cycle[@ref22]. E1, E2 and type-1 transmembrane proteins are crucial components of viral envelope and are also essential for the viral entry and fusion with host cell[@ref23][@ref24]. During early phases of viral infection, E2 plays a vital role by initiating interaction with one or several components of the receptor complex[@ref25][@ref26]. Function of E1 is not clearly understood, but it is hypothesized to be involved in the intracytoplasmic viral-membrane fusion[@ref25][@ref26].

![Schematic representation of genome organization of hepatitis C virus. The entire genome encodes a polyprotein, which is further processed into three structural \[core (C), envelop protein (E1 & E2)\] and five non-structural proteins \[NS1, NS2, NS3, NS4 & NS5\]; Protein positions are shown by numbers on the upper part of the scheme. Figure modified and reproduced with permission from Ref 20.](IJMR-147-445-g001){#F1}

Non-structural protein, NS2 is a 21-23 kDa transmembrane protein that contains two internal sequences, which are responsible for ER membrane association[@ref27]. NS2 is a short-lived protein and acts as a zinc-dependent metalloprotease with NS3 amino-terminal domain[@ref20][@ref28][@ref29]. NS3 is a multifunctional protein having serine protease domain and a helicase/NTPase domain in its *N* and C terminal, respectively. The 21-30 aa central region of NS4A acts as a cofactor for protease activity of NS3. This complementary interaction of NS3-NS4A is attractive target for the anti-HCV therapy. The anti-HCV therapies are designed to disrupt this interaction to break infectious pathway[@ref19][@ref30]. NS4B is a 261 aa membrane protein having four transmembrane domains and helps in membrane association for replication complex[@ref31][@ref32], inhibits cellular synthesis[@ref33][@ref34] and modulates RNA-dependent RNA polymerase (RdRp) activity of NS5B[@ref35]. NS5A, a 56-58 kDa phosphorylated zinc-metalloprotein, plays an important role in virus replication and regulation of cellular pathways. NS5A provides the resistance against interferon by binding to interferon-α, protein kinase R (PKR) and inhibits its antiviral effect[@ref36]. NS5B, an RdRp, is a tail-anchored protein[@ref37][@ref38] and forms classical 'fingers, palm and thumb' structure. The interaction between the fingers and thumb subdomains is essential for the complete catalytic cycle to permit synthesis of positive and negative RNA strand of HCV[@ref39]. The p7, a 63 aa small polypeptide, contains two transmembrane α-helix domains connected by a cytoplasmic loop. A mutation or deletion in its cytoplasmic loop suppresses HCV infectivity in intraliver transfections[@ref40].

Natural history of hepatitis C virus {#sec1-3}
====================================

The understanding of the viral persistence and modes of transmission is important for the prevention of HCV infection. HCV is generally transmitted through transfusion of infected blood, unprotected high-risk sexual activity, organ transplantation from infected donor and mother to foetus. With the implementation of improved screening methods, reduction in HCV transmission from 0.0002 to 0.00005 per cent has been observed in developed countries[@ref41][@ref42][@ref43].

The better understanding of the viral natural history plays an important role in the viral management and disease outcome. In a population, infected with HCV, it has been observed that in 15-45 per cent individuals, the infection gets spontaneously cleared within six months while in 55-85 per cent of the individuals, it persists. In acute phase, 70-80 per cent of the HCV-infected individuals are asymptomatic and unaware about the infection till it reaches the chronic phase. Of the infected individuals, 75-85 per cent may develop chronic infection which advances into liver fibrosis, cirrhosis, extrahepatic complications and HCC[@ref44]. The characteristics of persistence of HCV infection and development of the chronic infection may differ from individual to individual depending on factors such as age, immune response, degree of inflammation, HIV/HBV coinfection or lifestyle habit such as consumption of alcohol[@ref44]. According to a study performed by Kiyosawa *et al*[@ref45], the average time taken for the development of chronic hepatitis was about 10 yr, development of cirrhosis was 21 yr and development of HCC was around 29 years. With an estimate around 10-15 per cent of HCV-infected cases will progress into liver cirrhosis within first 20 yr, which increases the risk of developing HCC[@ref44].

HCV genotypes, subtypes and anti-HCV therapy {#sec1-4}
============================================

As mentioned previously, HCV strains are classified into seven genotypes based on the phylogenetic and sequence analyses of HCV genomes, and within each genotype, HCV is further classified into 67 subtypes[@ref46]. In India, genotype 3 is the predominant genotype (\~63.85%) followed by genotype 1 (25.72%). HCV genotype 3 is more prevalent in the northern, eastern and western parts of India and genotype 1 is more prevalent in the southern India[@ref47]. Despite, the widespread prevalence of genotypes 3 and 1, there also exists increased prevalence of genotypes 4 and 6 in certain regions of the country. Genotype 4 is found mostly in south Indian patients from the States of Andhra Pradesh and Tamil Nadu. Genotype 6 is found to be prevalent in patients belonging to northeastern parts of India[@ref48]. An increased prevalence of genotype 6 in various parts of the neighbouring country of Myanmar which shares its boundaries with the northeastern States of India, has also been observed[@ref49]. Genotype 2 is rarely reported while genotype 5 is yet to be reported from India[@ref47].

With the advancement in medical research and clinical trials of new drugs, the treatment of HCV infection has been shifted from pegylated interferon/ribavirin to direct-acting antiviral (DAA) combination therapies. These DAAs target and inhibit key stages of the HCV replication pathway. DDAs are classified into four classes on the basis of their mechanism of action and target[@ref50] ([Table](#T1){ref-type="table"}).

###### 

Classes of direct-acting antivirals (DDA) approved/under clinical trials
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The combined drugs therapy may involve the use of two to three drugs[@ref51][@ref52][@ref53]. In 2011, DAAs, telaprevir and boceprevir were approved by the US Food and Drug Administration (FDA) for anti-HCV therapy[@ref54]. These first-generation DAAs inhibit NS3/4A protease during their action against HCV. However, both were withdrawn from US market after three years in 2014. HCV infection treatment with protease inhibitors (PIs) has shown better results with significant side effects[@ref55]. However, during clinical trials, second-generation PIs have shown better results with the fewer side effects in comparison to first-generation DAAs. In 2016, two new combinations of DAAs, sofosbuvir/velpatasvir and grazoprevir/elbasvir were approved licensed in Europe and USA[@ref56]. At present, three regimens are recommended for the treatment of patients infected with HCV genotype 1. These regimens are simeprevir plus sofosbuvir with or without ribavirin, ledipasvir/sofosbuvir and ombitasvir/paritaprevir/ritonavir plus dasabuvir with or without ribavirin[@ref57]. Ghany *et al*[@ref58] reported 35-70 per cent increased response with the use of triple combination therapy in comparison to double combination therapy for treatment of HCV genotype 1. In case of genotypes 2 and 3, regimen of sofosbuvir and ribavirin is recommended. For HCV genotypes 4, 5 and 6 and HIV co-infection, ledipasvir/sofosbuvir and ombitasvir/paritaprevir/ritonavir plus dasabuvir with or without ribavirin have been recommended by both the American Association for the Study of Liver Diseases and the Infectious Diseases Society of America[@ref57][@ref59][@ref60]. Both of these regimens have also been approved by US-FDA for HCV-infected patients coinfected with HIV.

HCV genotyping methods {#sec1-5}
======================

The genotype of HCV for diagnosis is mostly determined by sequencing of genomic nucleotide sequence or by kit-based assays which employ complementary probes to report genotype present in a specimen. Sequencing of highly conserved regions such as NS5, core, E1 and 5'UTR is the most commended method used for genotyping of HCV[@ref61]. The kit-based assays are easy-to-use and do not require expertize as is required for sequencing. Both TruGene 5'NC HCV Genotyping kit (Siemens Healthcare Diagnostics Division, Tarrytown, NY) and Versant™ HCV Genotype Assay LiPA (version I, Siemens Medical Solutions, Diagnostics Division, Fernwald, Germany) are based on 5'UTR sequence. Both these kits use reverse hybridization with genotype-specific oligonucleotide probes[@ref62]. Both kits claim to detect HCV genotypes 1 to 6. Abbott RealTime HCV Genotype II Kit claims to detect genotype 1 to 5. HCV genotype kit cobas® HCV GT, manufactured by Roche claims to identify HCV genotypes 1-6 and can discriminate between subtype a and b of genotype-1. Fully automated system cobas® 4800 (Roche, USA) has also been launched for HCV genotyping. The complementary probes against three regions, 5'UTR, Core and NS5B of HCV genome have been incorporated for genotyping and subtyping accuracy.

Duarte *et al*[@ref63] developed xMAP Luminex assay system, a liquid microarray-based HCV genotyping method. The complementary sequences against most variable region NS5B and highly conserved 5'UTR were used to determine HCV genotypes. The results shown were in 100 per cent concordance with Versant™ HCV Genotype Assay LiPA. Two high-throughput methods like LightCycler® systems based on metlting curve analysis[@ref64][@ref65] and using matrix-assisted laser desorption ionization time of flight (MALDI-TOF) technology have also been developed[@ref66]. Athar *et al*[@ref67] developed a real-time polymerase chain reaction (PCR)-based assay using two dual-labelled self-quenched probes of core region of HCV genome. They used the specific probes of the HCV core region and exact HCV genotypes could be determined by melting curves from the respective probes in RT PCR[@ref67].

Other alternative HCV genotyping methods are amplification with type-specific primers or type-specific probes[@ref68][@ref69], restriction fragment length polymorphism (RFLP) analysis[@ref70], line-probe testing[@ref71], and heteroduplex mobility analysis[@ref72][@ref73].

Diagnostic methods for HCV {#sec1-6}
==========================

HCV infection can be detected using serological methods and molecular methods ([Fig. 2](#F2){ref-type="fig"})[@ref74]. Accurate diagnosis of HCV infection is important before initiating therapy. The diagnosis to know the stage of HCV infection is also crucial because HCV infection gets cleared within 6-12 months in 15-45 per cent of infected individuals and these individuals remain anti-HCV antibody positive without any detectable viraemia. In such cases, physicians must differentiate between the infected and recovered individuals[@ref75]. Earlier, the serological reactivity of HCV infection by ELISA has been confirmed by recombinant immunoblot assay (RIBA). RIBA has been discontinued as a confirmatory method for HCV infection diagnosis. Nowadays, nucleic acid testing (NAT) is considered as the gold standard to confirm active HCV infection[@ref76]. NAT is based on the detection of HCV RNA or HCV genome in a specimen.

![Algorithm for hepatitis C virus testing. Detection of HCV antibody (Ab) is done by laboratory assay. Further testing of HCV Ab positive samples will show either current or past HCV infection or false HCV antibody positivity. Positive samples should be tested by nucleic acid-based testing (NAT), as positive indicates current HCV infection and negative indicates either past or resolved HCV infection, or false Ab positivity. Modified and reproduced from Ref 71.](IJMR-147-445-g003){#F2}
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### Serological assays for HCV diagnosis {#sec3-1}

HCV can be diagnosed by the detection of the anti-HCV antibody in the serum or plasma samples, where a non-reactive result is considered as absence of HCV infection. Further, to declare an HCV infection as active infection, it needs to be confirmed by HCV RNA test. Assays used for the detection of the HCV infection have been evolved to minimize the number of false positives with improvement in their specificity. Successive generations of the HCV serological assays have not only improved sensitivity and specificity but have also reduced the window period for the detection of infection[@ref77][@ref78][@ref79].

First-generation assay: These were based on binding of anti-HCV antibody and recombinant protein-containing NS4 (C100-3) epitopic region. These assays could identify about 80 per cent anti-HCV IgG in post-transfusion cases; therefore, their sensitivity and specificity were very low[@ref80]. Their false positivity rate in low-risk populations has been reported to be as high as 60 per cent.Second-generation assays: The recombinant proteins from core (structural), NS3 and NS4 were used as binding proteins with anti-HCV antibody. These assays have been reported to have better sensitivity and specificity. Second-generation assays reduced window period of HCV to 10-24 wk[@ref79].Third-generation assays: The immunosorbent contains recombinant proteins of core, NS3, NS4 and NS5 regions. The diagnosis specificity of more than 99 per cent has been reported for this category of assays[@ref81]. Third-generation assays can show false-negative results in the patients who are immunocompromised or undergoing haemodialysis[@ref62]. In India, as per Drugs and Cosmetics act, 1940 and 1945, the use of third-generation serological assays is mandatory for screening of blood donor units for HCV infection before transfusion[@ref67].Fourth-generation assays: Fourth-generation assays are also known as 'antigen-antibody combo' tests because the principle of these assays is based on the detection of both anti-HCV antibody and HCV antigen at the same time. These assays are highly sensitive and are responsible for high reduction in window period. The average window period is 26.8 days for these assays[@ref79].

Earlier, according to CDC, the person having positive serological test had to be confirmed by RIBA for HCV infection, but now HCV RNA nucleic acid testing is used to confirm active HCV infection[@ref76].

### Recombinant immunoblot assays (RIBA) {#sec3-2}

RIBA has previously been used for confirmation of the HCV infection and it was based on the detection of anti-HCV antibody by immobilized HCV antigen and synthetic peptide from structural (core) and non-structural (NS3 and NS5) proteins as individual bands onto a membrane. The appearance of at least two bands was considered as indicator for confirmed infection and appearance of single band was considered as indeterminate result. Indeterminate cases were due to non-specific cross-reacting antibodies or the broad humoral response had not be triggered by the recent infection. In general, the results of one-week old HCV-infected individuals were reported as indeterminate who might be converted into confirmed cases after 1-6 months of infection[@ref82].

### Rapid assays {#sec3-3}

Rapid tests are configured to generate results within half an hour and can be used for point-of-care testing. These assays do not require sophisticated instrument and highly trained staff. Three rapid tests (Orasure, Chembio and Medmira) for anti-HCV IgG have been evaluated by the CDC in laboratory as well as in field settings. The specificities and sensitivities of these tests were \>99 per cent and 86-99 per cent, respectively[@ref83]. The main disadvantage in serological assays is their inability to discriminate between active and non-active infection. Serological assays test positive due to the presence of anti-HCV IgG even after the clearance of viraemic particles by immune system. The other drawback of these assays is large window period. During this period, HCV RNA is the first detectable diagnostic marker and is followed by core antigen diagnostic marker. The generation of anti-HCV antibody is followed by these two diagnostic markers. Due to this drawback, blood bank in the USA adopted nucleic acid-based testing (NAT) as a gold standard method for HCV diagnosis in late 1990s[@ref84] and due to implementation of NAT, the transfusion-related risk of HCV infection has been reduced to 0.0001 per cent in USA[@ref6].

### Nucleic acid testing (NAT) {#sec3-4}

NAT is a molecular technique and is based on amplification and detection of viral nucleic acid. NAT reduces the risk of transfusion transmitted infections (TTIs); therefore, it adds an additional layer of safety to the blood to be used for transfusion. Two types of technologies, PCR and transcription-mediated amplification (TMA) are routinely used for NAT testing of blood donations for HCV infection. The main advantage of the nucleic acid testing is the early detection of HCV infection. HCV RNA in infected samples can be detected within one week of initial exposure[@ref19]. Due to high sensitivity and specificity, NAT is used for the resolution of samples which are reported as indeterminate and or false negative by serological methods[@ref85].

In an international survey on NAT testing of about 300 million blood donations for HIV and HCV and about 100 million donations for HBV infection in 37 countries, Roth *et al*[@ref86] reported 3000 NAT yield. These blood donations were reported as non-reactive by serological screening methods[@ref86].

[NAT blood screening experience in low-resource countries]{.ul}

Realizing the need and benefits of NAT testing, low-resource countries are also implementing NAT testing on national or centre level for screening blood donation. In 2007, at Thai blood centre, 486,676 seronegative blood donations were screened by NAT. The NAT yield rates for HIV-1, HCV and HBV were 1:97,000, 1:490,000 and 1:2800, respectively[@ref87]. In north India at a blood bank, 73,898 blood donations were screened for HIV, HBV and HCV by ELISA and individual donor-nucleic acid amplification test (ID-NAT). Out of all donations, 1104 (1.49%) donations were found positive by multiplex NAT. Furthermore, 37 HCV, 73 HBV, one HIV and 10 HBV-HCV co-infected cases were reported by NAT testing who were non-reactive by ELISA testing[@ref88]. In India, different groups at different centres reported different NAT yield rates for HCV infection. The NAT yield reported by Agarwal *et al*[@ref88] was 1 in 610. Kumar *et al*[@ref89] reported 1 in 753 and Mangwana and Bedi[@ref90] as 1 in 974. In Brazil till July 2005, 139,678 donations were screened in pools of 6 to 12 donations by in-house RT-PCR method having sensitivity of 500 IU/ml for all six genotypes of HCV. Out of 139,678 donations, 315 (0.23%) were found to be positive for HCV RNA[@ref91].

The NAT testing can be performed for individual donations (ID-NAT) or min-pools (MP-NAT). A mini-pool may be prepared by pooling 6, 8, 16 or 24 individual donations. Although NAT is very beneficial due to the requirement of higher investment for its implementation, low-resources countries like India are not able to make it mandatory for screening of blood for TTIs. To make blood screening cost-effective, different counties and institutions are using mini-pools of 6, 8, 16 and 24. In Germany, after introduction of MP-NAT in 1997, 23 HCV, 2 HIV-1 and 43 HBV-infected blood donation were detected in around 31 million blood donations[@ref92]. Based on the data analysis of NAT, Mathur *et al*[@ref93] have shown that NAT can be made cost-effective by pooling method (mini-pools) in India. There are some disadvantages of mini-pools in NAT testing; first, dilution of the viral copy number decreases sensitivity. Second, if a pool is found reactive, all pooled donations need to be tested for the identification of the individual positive donation. Therefore, to overcome these limitations, ID-NAT testing has been suggested.

Testing of HCV infection by NAT for its RNA detection is done by PCR or TMA or branched deoxyribonucleic acid (bDNA) signal amplification. In NAT testing technology of HCV, highly conserved 5' UTR of HCV genome is used as a target sequence for its detection[@ref94]. This region is conserved among all genotypes of HCV; therefore, primers are designed to hybridize with the least possible discrepancies among six different HCV genomes. Most of the manufacturers of NAT testing kits have developed their assays compatible only to their equipment. All types of platforms, manual, semi-automated and fully automated are available for HCV NAT testing. In research laboratories, qualitative HCV-NAT is used for diagnosis using conventional RT-PCR, but diagnostics laboratories have started using kits for diagnosis of HCV.

The qualitative NAT has been used for screening of HCV infection during blood donation and to confirm viraemia in patients[@ref95]. The lower limit of detection of ≤50 IU/ml is claimed by various manufacturers for their qualitative molecular methods. On the other hand, viral load determination of HCV disease prognosis can be accomplished by quantitative RT-PCR and bDNA technology.

The prevalence of HCV in India has been higher in comparison to Western Europe and USA[@ref96]. The HCV prevalence reported by various groups in Indian population is 1 in 4138[@ref90], 1 in 1997[@ref88] and 1 in 2536[@ref89].

Although NAT reduces the risk of TTIs such as HCV in the Indian context, there are some limitations for its mandatory implementation. In India, the use of NAT in regular practises has been restricted due to high cost, technical demand such as trained workforce or equipment consumables[@ref97]. In 2014, Chandrashekar[@ref98] developed an in-house assay for safety of blood at a minimal cost. This assay was found feasible to implement in a small molecular biology unit in any types of blood banks[@ref98].

The introduction of the NAT to detect window period donations in 300,000 to 3,000,000 blood donations, could save around three lives in the developed countries, whereas in developing countries like India it may be 300 to 3000 times more beneficial as compared to developed countries[@ref90].

Conclusion {#sec1-7}
==========

The nucleic acid-based testing for HCV has reduced its window period to around one week. This technique has proved its advancement and needs over conventional serological methods[@ref99]. Therefore, the implementation of NAT will be of great benefit to low-resource countries due to high prevalence of HCV.
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